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Abstract
Although plant invasions are of major conservation concern, understanding of the
natural controls on invasion and their impacts is largely limited to static observational
studies or artificially manipulated systems. Linking patterns of invasion with subsequent
impacts in natural systems is necessary to fully assess invasion causes and consequences.
Therefore, I employed a long-term approach to sequentially assess the controls on
invasion and their subsequent impacts in a self-assembled system for the highly invasive
annual grass Microstegium vimineum. I modeled likely factors contributing to the
probability of invasion and local invasion success of a natural invasion of M vimineum in
a forest understory between two time windows of2001!2002 and 2007/2008. Following
invasion, I also followed plots to determine the impacts of M vimineum invasion. The
probability of invasion was positively associated with herbaceous species richness and
negatively associated with distance from the nearest invaded plot (a measure ofpropagule
pressure). Following invasion, the increase in cover of M vimineum in each plot was
positively related to herbaceous plant cover and negatively related to both distance to the
nearest invaded plot and tree cover. Invaded plots lost significantly more herbaceous
species richness and cover at high levels of invasion relative to lightly or uninvaded plots.
Problematically, the observed impacts on richness and herbaceous cover were dependent
on their patterns of initial invasion success. These results suggest controllers of invasion
can confound impact assessments, in this case offsetting each other.
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Introduction
Invasive species have become one of the most important conservation concerns as
communities can be drastically altered by the introduction of exotic plants. Plant
invasions are associated with reductions in native plant richness (Meiners et al. 2001;
Alvarez and Cushman 2002; Richardson et al. 2006), altered community composition
(Alvarez and Cushman 2002; Richardson et al. 2006), functional changes (Mack and
D'Antonio 1998; Chabrerie et al. 2010; Hejda and de Bello 2013; Lee et al. 2017), and
changes in ecosystem processes (Gordon 1998; Simberloff 2011; Vitousek et al. 20 17).
These issues have led to a large amount of focus on two research themes: the
determinants of invasibility and local success, and invasion impacts in natural systems.
Invasibility has long been argued as a driving force behind species invasions
(Elton 1958; Davis et al. 2005). The influence of species richness, and in particular native
species richness on local invasibility varies across studies, and especially across scales
(Fridley et al. 2007; Knight and Reich 2014). In general, higher local richness is thought
to decrease the likelihood of a successful invasion as niche pre-emption would lead to
lower resource availability (Tilman David 1997; Levine and D'Antonio 1999; Kennedy
et al. 2002) but this is not always the case (Meiners et al. 2004; Emery and Gross 2006).
The impact of local vegetation in invasion success is also complex, where existing plant
cover can strongly regulate local invasibility through competition (Smith et al. 2012), but
this may be dependent on the identity ofthe dominant species (Crawley et al. 1999;
Emery and Gross 2006). Much of this work focuses conceptually on the positive
relationship between resource availability and colonization (Davis et al. 2000; Davis and
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Pelsor 2001 ), with lower available resources associated with greater resistance to
invasion. In contrast to factors limiting invasion, local propagule pressure may effectively
overwhelm local community resistance to invasion (Holle and Simberloff2005;
Lockwood et al. 2009; Tanentzap and Bazely 2009), regardless of the mechanism of
resistance.
Although not all species invasions alter ecosystems, some exotic plant species are
clearly capable of generating considerable impacts (Parker et al. 1999; Simberloff2011).
Dominance in plant communities by exotic species may lead to a loss of species richness
and diversity (Hejda et al. 2009; Flory and Clay 2010a) and a reduction in native plant
cover (Davies 2011 ). Invasions can also change ecosystem properties such as soil nutrient
dynamics and net primary production (Ehrenfeld 2003; Hobbie 2015), and alter soil
microbial communities (Kourtev et al. 2002; Hawkes et al. 2005; Batten et al. 2006).
Problematically, many of the local controllers ofinvasibility (diversity, cover, resource
availability, etc.) also respond to the invasion, making separation of cause and effect
difficult (Meiners and Cadenasso 2005). Therefore, the local impacts of invasion depend
on the context ofthe controllers of local invasibility.
Studies of the spread and impacts of invasive plant species in natural systems are
difficult in part because the community is often not sampled until it has already been
invaded and impacts have potentially begun. Therefore, associational studies that follow
the pattern of invasion only may confound the initial controllers of invasion with the
impacts on the system (Davis and Pelsor 2001). Experimental and observational studies
often differ in the effects that they document (Huebner et al. 2009; Oakley and Knox
2013), calling into question the conservation value of information from manipulated
3

systems. To unequivocally separate controllers of invasion from species impacts in
unmanipulated systems, data should be collected before the introduction of the exotic
species has occurred and continue for sufficient time for any subsequent impacts to
become detectable. To address the need to understand context dependency between the
causes and consequences of invasion, I explored the colonization of the invasive grass

Microstegium vimineum, across a series of permanent plots in a young successional
forest.
Since discovery in Tennessee in 1919 (Fairbrothers and Gray 1972),

Microstegium vimineum has spread across the eastern United States. Microstegium
vimineum is an annual, C4 grass with high shade tolerance (Gibson et al. 2002; Schramm
and Ehrenfeld 201 0). It disperses rapidly along corridors where the canopy is relatively
open, but often takes longer to establish in the forest understory where it may be inhibited
by shade from shrubs and trees (Cole and Weltzin 2005; Schramm and Ehrenfeld 2010),
and litter (Nord et al. 2010; Schramm and Ehrenfeld 2010) until a disturbance allows it to
establish (Gibson et al. 2002; Miller and Matlack 2010; Anderson et al. 2013). Invasion
by M vimineum is facilitated in areas with high propagule pressure (Eschtruth and Battles
2018) and in areas with higher species richness (Nord et al. 2010). Once established,
invasion by M vimineum may reduce native species richness and cover (Adams and
Engelhardt 2009), alter arbuscular mycorrhizal communities and soil nutrient content
(Tekiela and Barney 2015), and impact succession (Flory and Clay 2010b).
To assess the context-dependency between drivers of invasion success and their
ultimate impacts on the system, I used data from a permanent plot study of vegetation
dynamics, the Buell-Smail Succession Study (BSS). This study has captured an increase
4

in the dominance of Microstegium vimineum as well as the pre-invasion conditions. Here
I use these data to address three primary questions along the temporal sequence of M

vimineum invasion: 1) What factors influence the likelihood of invasion by M vimineum?
2) Once invasion has occurred, what characteristics determine the local success (increase
in cover) of M vimineum? And 3) Once established, what impact does M vimineum have
on the forest understory community? Clearly distinguishing the controllers of invasion by

M vimineum from the impacts can also help to resolve the interactions between these
different aspects of invasion. Together, these questions address the hypothesis that
invasion impacts are dependent on the controllers of early colonization and spread.

5

Methods
Study site and data collection
The Buell-Small Succession Study was established in 1958 at the William L. Hutcheson
Memorial Forest Center in the Piedmont region of central New Jersey (Meiners et al.
2015). The study is composed of 10 agricultural fields abandoned 1958-1966, each of
which contains 48, 2.0

x

0.5 m permanently-marked plots. Half of the fields are sampled

each year, completing a survey of the site every two years. Each of the plots is surveyed
for the percent cover occupied by each plant species.
I measured changes in the forest understory community before and subsequent to
M vimineum invasion to document patterns of colonization and impacts of the species. A

six-year time window using was used to evaluate patterns of invasion and changes in M

vimineum dominance (Figure 1). The surveys represent the conditions early in the
invasion at T1 (2001-2002) and conditions at the initial peak of the invasion at Tz (20072008). This approach has proven useful in understanding patterns of colonization and
impacts of other species in the site (Meiners et al. 2004; Yurkonis et al. 2005). Using this
six-year time interval should reduce noise from stochastic changes at the site and would
exceed the ability of M vimineum seeds to persist in the soil (Redwood et al. 20 18). I
started the analysis in 2001 to avoid the confounding effects of a severe drought event in
1999 (Yurkonis and Meiners 2006). Of the 480 plots at the site, 44 plots were excluded
from analyses because they were already heavily invaded at T 1. All analyses were
conducted in R 3.5.1 (R Core Team 2013).

6

Controls on Invasion
To relate local conditions to invasibility, I used plot conditions at T 1to predict
invasion of M vimineum by Tz. The probability of each plot becoming invaded was
modeled using a forward logistic regression for plots where M vimineum had not been
recorded at T1 (336 plots). The colonization of M vimineum was evaluated based on
factors considered to be potential drivers of understory invasion: herbaceous species
richness (omitting M vimineum ), total herbaceous cover (omitting M vimineum ), tree
cover, shrub cover, and the cover of three common understory species at the site: Alliaria

petiolata, Ageratina rugosum, and Polygonum virginiana. Propagule pressure was
included in this model as the log of the distance to the nearest plot invaded by M

vimenium at T 1. As forests dominated by arbuscular mycorrhizal trees are more invaded
than those dominated by ectomycorrhizal trees (Jo et al. 2018), I also included the
proportion of tree cover associated with arbuscular mycorrhizae as a potential predictor.
While this first analysis focused on invasion as a binary response, I also modeled
the quantitative success of M vimineum (increase in cover) for plots which became
invaded using the same temporal window. The variables listed above were also used in a
forward multiple regression to model the factors that determined how rapidly M

vimineum increased in cover.

Impacts of invasion

7

Invasion impacts were analyzed using all436 plots conserved in the study. The
severity of M vimineum invasion was categorized into three invasion classes defined as:
0.1-33% (low), 34-66% (moderate), and >66% (high). Plots that were uninvaded at T1
and T2 were included as uninvaded controls to account for vegetation dynamics not
associated with M vimineum invasion (i.e. successional changes). Community-scale
impacts of invasion were assessed using the change in herbaceous species richness and
cover from T1- Tz. Similarly, changes in the abundance of three abundant species

(Ageratina rugosum, Alliaria petiolata, and Polygonum virginiana) were examined to
determine impacts of M vimineum on individual species. Changes in abundance for each
species were each related to invasions classes described above. Kruskal Wallace tests
were used to test for patterns and a Dunn Test for post hoc comparisons using a
Bonferroni correction.
To assess total compositional changes in the system, a relative S0rensen
dissimilarity index was calculated between each plot at T 1 and itself at T z. This analysis
tested whether compositional turnover of invaded plots differed from non-invaded plots.
For this reason, cover of M vimineum was included for this analysis. S0rensen
dissimilarity for each plot was related to M vimineum invasion classes as listed above
and analyzed with one-way ANOV A.

Analyses of patterns ignoring context
To provide a comparison for the temporally explicit analyses above, I also conducted a
single-time analysis of the pattern of M vimineum invasion using Tz data only. This
focused on the association of M vimineum cover with both herbaceous species richness
8

and cover, and the same individual species as the context dependent analysis during the
first peak of the invasion, analogous to the space-for-time substitution approach often
employed in natural systems. Metrics were related to M vimineum invasion classes as
above. Kruskal Wallace tests and Dunn tests with a Bonferroni correction were used for
compansons.
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Figure 1: Proportion of the plots within the BSS that became invaded and the severity of
invasion pooled across all480 plots of the BSS. The boxes mark the 2-year time periods
(T1 2001-2002; T2 2007-2008) used in the analyses.
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Results
Controls on invasion
Between T, and T2, 70% ofuninvaded BSS plots became invaded by M vimineum.
Significant predictors of invasion were herbaceous species richness and distance to
nearest invaded plot with local species richness and proximity to invaded plots both
increasing the probability of invasion (Figure 2; Table 1). Herbaceous cover, shrub cover,
tree cover, Polygonum virginiana cover, and the proportions of arbuscular mycorrhizal
tree cover were all not associated with the probability of invasion and were not included
in the final model.
For those plots which became invaded, proximity to invaded plots also
significantly increased the cover attained by M vimineum. In contrast to invasibility,
plots with greater herbaceous species cover, rather than richness, attained greater M

vimineum cover by T2 (Table 1, Figure 3). None of the other factors tested (herbaceous
species richness, shrub cover, Ageratina rugosum cover, and proportion arbuscular
mycorrhizal tree cover) were included in the final model.

Impacts of invasion
All plots lost species from T 1 to T2, regardless of invasions status, reflecting the dynamic
nature of the site. However, plots that were highly invaded by M vimineum lost
significantly more species than uninvaded or lightly invaded plots (Figure 4; Table 2).
Plots that remained uninvaded or became only lightly invaded increased in herbaceous
11

species cover, while plots that became highly invaded lost associated herbaceous cover
(Figure 4; Table 2). Associated understory species Polygonum virginiana increased more
in plots with greater M vimineum abundance (Figure 4; Table 2), while A. rugosum and
A. petiolata cover decreased with invasion (Figure 4; Table 2).
The overall dynamic state of the forest led to relatively high compositional
turnover in six years with an average S0rensen dissimilarity of 0.66 for understory herbs
(Figure 5). Although plots that were highly invaded by M vimineum lost significantly
more herbaceous species and cover, compositional turnover did not vary significantly
with invasion class (x2 = 1.7486, df= 3, p-value = 0.6262).

Static analyses
In contrast to the context-dependent analyses, the static view analyses found significantly
greater herbaceous species richness and cover at higher levels of invasion by M
vimineum (Figure 6; Table 3). Similarly, the abundances of common understory species
P. virginiana and A. rugosum were greater with M vimineum invasion and cover of the
invasive A. petiolata significantly decreased with higher M vimineum cover (Figure 6;
Table 3).
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Table 1: Factors that control the colonization and cover expansion of Microstegium
vimineum. Invasibility results come from a logistic regression of all uncolonized plots at

T1 and cover results come from a multiple regression of colonized plots only (at T2). For
comparability of coefficients, standardized ~ are also included. Significant results
indicated in bold.

Scaled

p

SE

z/fvalue

p

Invasibility
(Intercept)

1.762

1.007

0.711

2.48

0.0132

Herbaceous richness

0.122

0.556

0.032

3.79

0.0002

Log nearest invasion

-0.636

-0.322

0.251

2.53

0.0114

Alliaria petiolata

0.028

0.301

0.017

1.62

0.1049

Ageratina rugosum

0.021

0.337

0.015

1.42

0.1536

0.233

8.679

0.061

14.5046

0.0002

Log Nearest invasion

-0.768

-6.282

0.247

7.9978

0.0051

Tree cover

-0.081

-3.873

0.043

5.0534

0.0255

Polygonum virginiana

-1.191

-4.405

0.590

3.2756

0.0716

Alliaria petiolata

-0.317

-3.725

0.176

3.2388

0.0732

Cover
Herbaceous Cover
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Table 2: Impacts of invasion by Microstegium vimineum. Impacts were measured as the
change in each factor from T 1 - T2 and compared across 4 invasion classes: no change,
low, moderate, and high using a Kruskal-Wall ace test. Significant results indicated in
bold.
Factor

Df

'1!

Pvalue

Herbaceous richness

3

19.809

0.0002

Herbaceous cover

3

19.226

0.0002

Ageratina rugosum cover

3

12.353

0.0063

Alliaria p etiolata cover

3

27.235

<0.0001

Polygonum virginiana cover

3

32.030

<0.0001
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Table 3: Static analysis of impacts of Microstegium vimineum at Tz compared between 4
invasion classes without context from T1 conditions using a Kruskal-Wallace test.
Df

·i

Pvalue

Herbaceous richness

3

43.793

<0.0001

Herbaceous cover

3

21.700

<0.0001

Ageratina rugosum cover

3

63.024

<0.0001

Aliiaria petiolata cover

3

13.163

0.0043

Polygonum virginiana cover

3

48.657

<0.0001

Factor

Significant results indicated in bold.
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vimineum (Uninvaded: 26.17 ± 2.96, Low: 30.67 ± 1.99, Moderate: 40.39 ± 3.69, High:
31.73 ± 2.44), and the percent cover of Ageratina rugosum (Uninvaded: 4.21 ± 1.36,
Low: 11.02 ± 0.74, Moderate: 13.07 ± 1.66, High: 13.54 ± 0.82), Alliaria petiolata
(Uninvaded: 11.55 ± 1.48, Low: 8.63 ± 0.95, Moderate: 7.38 ± 1.31 , High: 6.64 ± 1.08),
and Polygonum virginiana cover (Uninvaded: 0.00 ± 0.00, Low: 2.20 ± 0.75, Moderate:
3.98 ± 1.66, High: 3.64 ± 0.82) Analyses only use data at T2. Significant differences
between invasion classes are marked with different letters.
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Discussion
During the study period, most of the site had become invaded by Microstegium

vimineum and several clear controllers of invasibility and impacts of invasion were
detected. In this system there was also clear overlap between the factors that controlled
invasibility and the ultimate impacts of the invasion. The importance of knowing this
context can be shown by comparing the results of the main study which accounted for
these controllers of invasibility against the static study which produced very different and
often directly contrary results.
The colonization of M vimineum was more common in plots that had a greater
understory herbaceous richness. This is runs counter to expectation that higher species
richness would make a plot more resilient due to greater niche occupation at a local scale
(Elton 1958; Mwangi et al. 2007; MacDougall et al. 2009). One possible explanation for
this association could be higher resource availability in these plots (Roscher et al. 2009),
leading to greater richness and cover in both native and exotic species. The association
between M vimineum invasion and local species richness has been noted in other forests
(Anderson et al. 2013), However, the tendency of exotic species to colonize species rich
plots has been documented at this site across several exotic species (Yurkonis and
Meiners 2004), suggesting the pattern is not specific to the identity of the invader.
The correlation between propagule pressure and the invasibility followed
expectations as plots closer to propagule sources experienced more colonization and
cover growth (Colautti et al. 2006; Warren et al. 2012). The invasion of M vimineum
started in the old growth forest adjacent to the BSS study fields (Baiser et al. 2008), and
the early-invaded plots tended to be closer to this propagule source. Over the 6-year
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period of this study, each ofthe 10 fields had many invaded plots, but colonization was
clearly more frequent closer to early invasions. 100 plots across the site were still not
invaded by 2008, with the majority of these located in two fields, both of which were
close to many propagule sources. The negative association with tree cover suggests an
interaction between canopy openings and propagule pressure may be occurring
(Eschtruth and Battles 20 18). The presence of persistently uninvaded plots suggests there
may be a driver besides propagule pressure determining local invasibility.
Following invasion, the increase in M vimineum cover was greater in plots with
higher herbaceous cover at T 1, which suggests the presence of plant cover alone does not
impose enough resource competition to prevent growth of this invader (Emery and Gross
2007; Going et al. 2009). The positive association between herbaceous cover and M

vimineum increase could be related to openings in the tree canopy which increase light,
often associated with both increased understory cover and invader dominance (Davis and
Pelsor 2001; Huston 2004; Kelemen et al. 2012). It is also possible that herbivory
pressure by overabundant deer could be depressing abundance of native herbaceous
species. Excessive browsing by deer has been shown to disproportionately effect native
species and to open patches for fast reproducing species such as M vimineum (Baiser et
al. 2008; Knight et al. 2009).
Over the six-year time window, the entire site was losing understory species
associated with forest canopy closure in this successional system. The plant species that
lost the most cover were old field species such as Centaurea dubia and Euthamia

graminifolia. However, invaded plots still lost significantly more species on average
relative to uninvaded plots, similar to other studies where M vimineum has been linked to
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loss of species (Oswalt et al. 2007; Adams and Engelhardt 2009). Previous studies on the
impact of invasion on species turnover and richness at this site have found a similar
pattern of decreasing richness with increasing invader cover (Yurkonis and Meiners
2004; Yurkonis et al. 2005). In the case of M vimineum, its high shade tolerance (Flory et
al. 2007) allows it to establish in the understory openings left by more light dependent
species in deeper forest where it can spread rapidly (Huebner 2010). The increase in
herbaceous cover in lightly invaded plots compared to the decrease in heavily invaded
plots clearly shows that M vimineum is impacting the understory.
The overall high turnover occurring at the site meant that all plots were
experiencing relatively similar rates of compositional turnover, regardless of M

vimineum invasion. As M vimineum often invades relatively young, disturbed forests
(Oswalt and Oswalt 2007; Oswalt et al. 2007), similar results may be common and
further argue for the need to have appropriate contexts for assessments of impacts. As the
canopy closes and light decreases, these impacts may be increase as less shade tolerant
plants become excluded until M vimineum becomes limited by light and declines (Flory
et al. 20 17). The decrease in another invasive exotic, A. petiolata, in heavily invaded
plots strongly suggests facilitation of A. petiolata by M vimineum (Flory and Bauer
2014) is not happening at this site.
In marked contrast to the results of analyses where the plot context was known,
the static view of the M vimineum invasion showed opposite or dampened effects of
invasion. The context dependent analyses found decreases in species richness at high
levels of invasion, where the static analysis found an increase in species richness at
moderate levels of invasion. The context dependent analysis found decreasing herbaceous
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cover at high levels of invasion, but the static view showed that highly invaded plots had
significantly higher herbaceous species cover (omitting M vimineum) than uninvaded
plots at T2. Ageratina rugosum cover only increased at low levels of invasion in the
context dependent analysis but had higher cover with higher levels of invasion in the
static view. In the static view, A. petiolata cover generally decreased with invasion, but
only significant at the highest level of invasion, with the influence of M vimineum
masked at low and moderate levels. The only consistent pattern between these
approaches was in increase in cover P. virginiana growth and cover with increased
invasion. Without the context of plot conditions from before the invasion, pattern data
can produce significant signals that are completely misleading.
Together these results suggest the impacts of M vimineum are largely contingent
on local scale pre-invasion conditions. Species rich and densely covered areas appear
especially vulnerable to colonization and establishment and the subsequent loss in species
becomes even greater than single point data would indicate. This uneven colonization of
local areas in natural systems masks the nature and extent of impacts when the drivers of
invasion are also associated with the impacts ofthe invader. The effect ofpropagule
pressure further confounds this pattern as invaded sites become propagule sources for the
surrounding area that may have otherwise been more resistant to invasion. Together, the
patterns of colonization in rich areas and expansion in high productivity areas are
important for early detection as they indicate potentially high-risk areas to be surveyed
more frequently. This is especially important because areas with high richness and
productivity are particularly vulnerable to invasion by M vimineum and subsequent loss
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of herbaceous species and cover relative to nearby areas where it is likely to spread,
making the extent of the impacts largely undetectable after a few years.
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